The crystal structure determination of the methylated pyrazine-2-carbohydrazide derivative, namely Nmethyl-N -(4-nitrobenzylidene)pyrazine-2-carbohydrazide were optimized to obtain its molecular geometric structure and electronic structures at the HartreeFock and density functional theory levels (B3LYP) with 6-311G(d,p) and 6-311++G(d,p) basis sets, using Gaussian 09W programme. The 1 H and 13 C nuclear magnetic resonance chemical shifts of the title molecule were calculated by using the gauge independent atomic orbital, continuous set of gauge transformations and individual gauges for atoms in molecules methods and were also compared with experimental values. The electronic properties high occupied and low unoccupied molecular orbitals energies were calculated and analyzed. Potential energy surface scan, natural population analysis and Mulliken atomic charges were investigated using theoretical calculations. A detailed molecular picture and intermolecular interactions arising from hyperconjugative interactions and charge delocalization of the molecule were analyzed using natural bond orbital analysis.
Introduction
Pyrazine is a symmetrical and heterocyclic aromatic organic compound having two nitrogen atoms in the para-position of the six-membered ring. Ligands containing pyrazine ring are widely studied and their pi-donor properties are interesting [1] . Pyrazine has been paid great attention, because the diazine rings form an important class of compounds presented in several natural and synthetic compounds [2] . Pyrazine derivatives have been widely used in the elds of medicinal chemistry for the skeleton of biologically active sites [3, 4] . Pyrazines and its derivatives constitute an important class of compounds present in several natural avours and complex organic molecules [5] . In continuation of these studies, the synthesis and antituberculosis activities of a series of methylated pyrazine-2-carbohydrazide derivatives have been studied [68] . Pyrazine derivatives are known as an important drugs with analgesic [9] , antimicrobial [10] , anticancer [11] , sodium channel blocker [12] , antiviral [13] , antihypertensive [14] , antiglaucoma [15] , antioxidant [16] , antidepressant, anxiolytic, neuroprotective [17] and antidiabetic [18] activity. Pyrazine-2-carbohydrazides have been the object of many spectral, structural and theoretical investigations [1922] . However, to the best of our * corresponding author; e-mail: yatalay@sakarya.edu.tr knowledge, the theoretical investigations for structural, spectroscopic and electronic properties of N -methyl-N -(4-nitrobenzylidene) pyrazine-2-carbohydrazide compound have not been performed. So as to eliminate this deciency, detailed theoretical investigations were carried out concerning the conformational analysis, vibrational frequencies and NMR chemical shifts, bonding features, high occupied molecular orbital (HOMO) and low unoccupied molecular orbital (LUMO) energies.
Computational details
The quantum chemical calculations have been performed by using the HartreeFock (HF) method and B3 [23] exchange functional combined with the LYP [24] correlation function resulting in the B3LYP density functional method combined with 6-311G(d,p) and 6-311++G(d,p) basis sets. All electronic and structural computations were performed using Gaussian 09W program [25] and Gauss View 5.0 program package [26] . The potential energy surface was studied at the 6-311G(d,p) level. NBO analyses [27] have been performed by the module NBO version 3.1 implemented in Gaussian 09W [25] at the optimization level to determine the partial charge distribution and the bonding characters of the title molecule. 3 . Results and discussion
Molecular geometry
In order to nd the best optimized geometry the geometric parameters of the title compound were optimized using HF and B3LYP methods with 6-311G(d,p) (marked in Tables A1) and 6-311++G(d,p) (A2) basis sets. The atom numbering scheme for the molecule is shown in Fig. 1a [8] . The optimized geometry of the title molecule performed at B3LYP/6-311++G(d,p) level with atoms numbering is shown in Fig. 1b . These results are taken from the data reported by Gomes et al. [8] .
The optimized geometrical parameters (bond distances, bond angles and dihedral angles) are presented in Tables IIII and compared with the experimental X-ray diraction [8] of a compound having similar structure. The correlation coecient for the calculated and the experimental values of the molecule are shown in Tables.
The changes in the bond length of CH bond on substitution due to a change in the charge distribution on the carbon atom of the benzene ring [28] . The carbon atoms are bonded to the hydrogen atoms with σ-bond in benzene and substitution of NO 2 group for hydrogen reduces the electron density at the ring carbon atom.
The bond length of NO in nitro group is somewhat dierent and it is due to the repulsion between the lone electron pair on the O atom and the electron pair on the nitrogen atom [29] . In the present work, the CH bond lengths were calculated in the range 1.07101.0939 Å, experimentally the CH bond lengths are observed as 0.95 and 0.98 Å.
In substituted benzenes, the ring carbon atoms exert a large attraction on the valence electron cloud of the H atom resulting in an increase in the CH force constant and a decrease in the corresponding bond length [30] . The C1C11 and C2C22 bond distances are the longest while the other CC bond distances are shortest. The longest bond distance attributes the pure single bond character. In the benzene ring the C11C12 The C12C13C14 and C14C15C16 ring angles are slightly smaller than 119
• at the point substitution and longer than 119
• at the other position, due to this reason the symmetry of the ring is slightly distorted. The rest of computed bond angles were correlated with the experimental values (see Table II ). The highest correlation coecient was obtained for DFT/B3LYP method with 6-311++G(d,p) basis set. In addition, this study concludes that the theoretically calculated dihedral angles are in good agreement with the experimental study [8] . 
NMR spectral analysis
Geometrical structures of studied compound were optimized by HF and DFT/B3LYP methods and the gaugeindependent atomic orbital (GIAO) [31] , the continuous set of gauge transformations (CSGT) [32] and the individual gauges for atoms in molecules (IGAIM, a slight variation on the CSGT method) [33] methods were used for prediction of nuclear shielding.
Theoretical and experimental chemical shifts of the title molecule in 1 H and 13 C NMR spectra in comparison with experimental chemical shifts are gathered in Table IV. The linear correlation between proton and carbon NMR shieldings of studied compound and experimental data is shown in Table IV . This data show good 
Frontier molecular orbital analysis
The energies of four important molecular orbitals of the title molecule: the second highest and highest occupied MO's (HOMO and HOMO-1), the lowest and the second lowest unoccupied MO's (LUMO and LUMO+1) were calculated and are presented in Fig. 2 with the 3D plots. The energy gap of the title molecule was calculated at B3LYP/6-311++G(d,p) level, which reveals the chemical reactivity and proves the occurrence of eventual charge transfer. The HOMO (ability to donate an electron) is located almost over the carbon atoms, oxygen atoms and also slightly delocalized in hydrogen atom and the LUMO (ability to obtain an electron) is mainly delocalized in carbon atoms of benzene ring and nitro group.
The energy gap (energy dierence between HOMO and LUMO orbital) is a critical parameter in determining molecular electrical transport properties [34] . The HOMOLUMO energy gap of the title molecule is found to be 0.14367 a.u. obtained at DFT/B3LYP method with 6-311++G(d,p) level. The energy gap also determines the chemical hardness softness of a molecule. By using the energies of the HOMO and LUMO orbitals, absolute hardness value of a molecule can be formulated by the equation: η = (1/2)(−ε HOMO + ε LUMO ) [35 37 ]. The value of hardness is 0.071835 a.u. for the title molecule. Molecules having a large energy gap are known as hard and having a small energy gap are known as soft molecules. Soft molecules are more polarizable than hard molecules because they need small excitation energies to the manifold of excited states [38] .
Potential energy surface scan
Visualizing and describing the relationship between potential energy and molecular geometry is called a potential energy surface (PES) that is an important to reveal all possible conformations of the title molecule. The scan studies were obtained by minimizing the potential energy in all geometrical parameters by varying the torsion angle at a step of 10
• in the range of 0−360 • rotation around the bond. For the calculation, all the geometrical parameters were synchronically relaxed while the C1N1N2 C2 angle was varied in steps of 10
• . The 2D surface in a 3D diagram and 2D surface countour graph of a PES scan performed for the dihedral angles C1N1N2C2, N2C2C22C23 and C1N1N2C2, N1C1C11C16 at the B3LYP/6-311G(d,p) level of theory for the title molecule is shown in Fig. 3 and Fig. 4 . The PES scan revealed that the C1N1N2C2 dihedral angle has two energetically almost equal minimum energy at 179
• with the energy of -1001.5521947200 and -1001.5521698000 Ha at a combination of N2C2C22 C23 dihedral angle of -138
• and 137
• and N1C1C11 C16 dihedral of −178
• and 178 • .
NPA and Mulliken atomic charges
The Mulliken analysis is the most popular population analysis method, it is by default always performed in Gaussian. The rst involve a direct partitioning of the molecular wave function into atomic contributions following some arbitrary, orbital-based scheme proposed by Mulliken [39] . The Mulliken population analysis is one of the oldest and simplest, with the electrons being divided up amongst the atoms according to the degree to which dierent atomic AO basis functions contribute to the overall wave function [39] . The Mulliken charges do not achieve convergence with an increasing basis set size. Natural population analysis (NPA) and Mulliken methods predict the same tendencies.
The atomic charges of the title molecule acquired by the Mulliken population analysis and NPA with HF and B3LYP methods with 6-311G(d,p) and 6-311++G(d,p) basis sets are listed in Table V . The Mulliken and NPA atomic charges on each atom of the title compound are presented in the graphical representation shown in Fig. 5 and Fig. 6 , respectively. From the results it is clear that carbon atoms attached with oxygen and nitrogen atoms are positive however the other carbon atoms have more negative charges. All hydrogen atoms have a positive charge and the oxygen and nitrogen atoms are negatively charged. The H13 and H15 atoms have positive and maximum atomic charges than the other hydrogen atoms. Due to the presence of electronegative oxygen atoms in the nitro group, nitrogen atom has large positive charge value N14. The methyl group nitrogen atom N2 has the maximum negative charge value compared to other nitrogen atoms of the nitro group N1, N21 and N24. 
NBO analysis
The importance of the NBO method is originated from that it gives information about intra-and intermolecular bonding and interactions among bonds. Furthermore, it provides a convenient basis for investigating the interactions in both lled and virtual orbital spaces along with charge transfer and conjugative interactions in molecular system. The second-order Fock matrix was used to evaluate the donor acceptor interactions in the NBO basis [39] . The interactions result in a loss of occupancy from the localized NBO of the idealized Lewis structure into an empty non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization energy E(2) associated with the delocalization i → j is estimated as [40] :
where q i is the donor orbital occupancy, ε i and ε j are the diagonal elements (orbital energies) and F (i, j) is the o diagonal NBO Fock matrix element. The larger the E(2) value, the more intensive is the interaction between electron donors and electron acceptors, i.e. the more donating tendency from electron donors to electron acceptors and the greater the extent of conjugation of the whole system [41] . NBO analysis has been performed on the molecule at the HF and DFT/B3LYP methods with 6-311++G(d,p) level in order to elucidate the possible donoracceptor pairs, the values of the donoracceptor stabilization energy as estimated by the above equation and NBO occupancies that are presented in Table VI. Tables also  include the Percentage of s, p, and d-character on each natural atomic hybrid of the natural bond orbital is listed in Table VII (at the end).
As shown in Table VI , the dierence in polarization coecients is small when similar atoms are involved in bond formation (CC, NN bond) however in CN and CO bond formations there are found considerable differences. The sizes of the polarization coecients of the corresponding bond provides information about the electronegativity, the larger dierences in the polarization coecient values of the atoms involved in the bond formation are reected in the electronegativity of the atoms.
Conclusion
The geometry of methylated pyrazine-2-carbohydrazide derivative, namely N -methyl-N -(4-nitrobenzylidene)pyrazine-2-carbohydrazide was optimized at dierent levels with HF and DFT/B3LYP method using 6-311G(d,p) and 6-311++G(d,p). The computed geometries are benchmarks for predicting crystal structural data of the molecule. The calculated structural parameters (bond distances, bond angles and dihedral angles) compares well with the experimental values.
The 1 H and 13 C NMR isotropic chemical shifts were calculated and the assignments made were compared with the experimental values. HOMOLUMO gaps are examined and discussed. The potential energy curves have been obtained for C2N2N1C1 and N1C1C11C16 rotational angles at the same levels of theory. The NBO analysis revealed that the LP (3) O2 → LP * (1) C2 interaction gives the strongest stabilization to the system around at 416.19 kcal/mol with HF/6-311++G(d,p). 
